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Apolipoprotein (apo) E, a polymorphic protein with
three isoforms (apoE2, apoE3, and apoE4), is essen-
tial for lipid homeostasis. Carriers of apoE4 are at
higher risk for developing Alzheimer’s disease. We
have investigated adult neurogenesis in mice with
knockout (KO) for apoE or with knockin (KI) alleles
for human apoE3 or apoE4, and we report that neuro-
genesis is reduced in both apoE-KO and apoE4-KI
mice. In apoE-KO mice, increased BMP signaling
promoted glial differentiation at the expense of neu-
rogenesis. In contrast, in apoE4-KI mice, presynaptic
GABAergic input-mediated maturation of newborn
neurons was diminished. Tau phosphorylation, an
Alzheimer’s disease characteristic, and levels of
neurotoxic apoE fragments were both elevated in
apoE4-KI hippocampal neurons concomitant with
decreased GABAergic interneuron survival. Potenti-
ating GABAergic signaling restored neuronal matura-
tion and neurogenesis in apoE4-KI mice to normal
levels. These findings suggest that GABAergic
signaling can be targeted to mitigate the deleterious
effects of apoE4 on neurogenesis.
INTRODUCTION
In the mammalian central nervous system, new neurons are
generated throughout life. In adults, active neurogenesis occurs
in two brain regions. One is the subgranular zone (SGZ) of the
dentate gyrus in the hippocampus (Aimone et al., 2006; Altman
and Dasq, 1965; Cameron et al., 1993; Christie and Cameron,
2006; Eriksson et al., 1998; Kaplan and Bell, 1984; Kempermann
et al., 2003; Ming and Song, 2005; Zhao et al., 2008; Suh et al.,
2009), where newly generated neurons may participate in
learning and memory formation (Aimone et al., 2006; Christie634 Cell Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inand Cameron, 2006; Ming and Song, 2005). The other is the
subventricular zone (SVZ) of the lateral ventricle, where new
neurons migrate to the olfactory bulb (Alvarez-Buylla and
Garcı´a-Verdugo, 2002; Carleton et al., 2003; Rochefort et al.,
2002). Generally, adult neurogenesis proceeds through four
developmental stages (Christie and Cameron, 2006; Lie et al.,
2004; Ming and Song, 2005; Zhao et al., 2008; Suh et al.,
2009): (1) proliferation of neural stem/progenitor cells (NSCs),
(2) neuronal fate determination of NSCs, (3) maturation and
migration of new neurons, and (4) functional integration of new
neurons into existing neuronal circuits. Adult neurogenesis is
regulated by several factors, including transcription factors,
hormones, neurotransmitters, cell niches, exercise, and specific
molecules (Alvarez-Buylla and Lim, 2004; Lie et al., 2004; Ming
and Song, 2005; Duan et al., 2007; Zhao et al., 2008; Suh et al.,
2009), although the detailed mechanisms are still poorly
understood.
Apolipoprotein (apo) E, a polymorphic protein with 299 amino
acids, has important and diverse functions in neurobiology. In
the brain, apoE is mainly synthesized and secreted by astro-
cytes, but neurons under stress also express apoE (Aoki
et al., 2003; Xu et al., 1999, 2006, 2008). ApoE distributes lipids
among cells in the central nervous system for normal lipid
homeostasis and participates in neuronal repair and remodel-
ing (Huang, 2006a, 2006b; Huang et al., 2004; Mahley et al.,
2006). However, the three major human isoforms (apoE2,
apoE3, and apoE4), which are encoded by three alleles (32,
33, and 34) of the apoE gene, differ in their ability to accomplish
these tasks (Huang, 2006a, 2006b; Huang et al., 2004; Mahley
et al., 2006). ApoE3 is the most common and considered to be
the normal form (Huang, 2006a, 2006b; Huang et al., 2004;
Mahley et al., 2006). ApoE4, the major known genetic risk
factor for Alzheimer’s disease (AD), is associated with an earlier
onset of AD in a gene dose-dependent manner (Corder et al.,
1993; Saunders et al., 1993). It may also contribute to age-
related shrinking of the hippocampus and memory deficits in
humans (Cohen et al., 2001; Huang, 2006a, 2006b; Huang
et al., 2004; Mahley et al., 2006; Moffat et al., 2000; Casellic.
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brain damaged in AD, and memory deficits and disorientation
are among the early symptoms (Selkoe, 1991; Tanzi and Ber-
tram, 2001). In apoE transgenic and knockin (KI) mice, apoE4
impairs hippocampus-dependent learning and memory (Groo-
tendorst et al., 2005; Harris et al., 2003; Raber et al., 1998,
2000; Villasana et al., 2006; Bour et al., 2008). Although many
hypotheses have been advanced (Huang, 2006a, 2006b; Huang
et al., 2004; Mahley et al., 2006), the molecular mechanisms
underlying the pathogenic actions of apoE4 in AD are still
unclear.
In this study, we assessed the role of apoE in adult hippo-
campal neurogenesis in mice. Our results reveal an important
role for apoE in this process and suggest that the apoE4 isoform
confers a reduction in neurogenesis by impairing GABAergic
input-mediated neuronal maturation, which might contribute to
AD pathogenesis.
Figure 1. ApoE Is Expressed in Hippocampal NSCs
Confocal images of the dentate gyrus of EGFPapoE reporter
mice. Green indicates EGFP representing apoE (A, B, D, E,
G–J). Red indicates immunostaining positive for anti-GFAP
(A), anti-nestin (C, D), anti-Sox2 (F, G), anti-apoE (H), anti-
Dcx (I), or anti-b-III-tubulin (J).
RESULTS
Adult NSCs Express ApoE
To study apoE expression in the neurogenic niches
of the adult central nervous system,we took advan-
tage of an EGFPapoE reporter mouse previously
generated in our lab in which a cDNA encoding
enhanced green fluorescent protein (EGFP) with a
stop codon was inserted by gene targeting into
the apoE gene locus immediately after the trans-
lation initiation site. In heterozygous EGFPapoE
reporter mice, one apoE allele was sufficient to
maintain normal lipid metabolism while the EGFP
reporter allele provided a real-time location marker
of apoEexpression in vivo (Xuet al., 2006).Confocal
imaging of the dentate gyrus revealed that the
neurogenic SGZ was densely populated with
EGFP-positive cells (Figure 1A). To test whether
EGFPexpressionwas localized toNSCs, we immu-
nostained brain sections with antibodies against
nestin, a cytoskeletal protein expressed predomi-
nantly in the processes of NSCs, and Sox2, another
NSC marker in the brain (Suh et al., 2007). The
EGFP-positive cells were positive for both nestin,
particularly in their radial processes (Figures 1B–
1D), and Sox2 (Figures 1E–1G). The EGFP-positive
cells were also positive for apoE (Figure 1H). We
then confirmed by triple immunostaining of the
SGZ that endogenous apoE expression was
present in nestin/Sox2 double-positive NSCs (Fig-
ure S1A available online). Moreover, nestin/Sox2
double-positive NSCs in the SVZ and rostral migra-
tory stream (RMS) of both wild-type and EGFPapoE
reporter mice also expressed apoE (Figures S1B–
S1K). The EGFP-positive cells, however, were not positive for
doublecortin (Dcx), expressed by immature neurons, or the ubiq-
uitously expressed neuronal marker b-III-tubulin (Figures 1I and
1J). Consistent with our findings in the SGZ, EGFP expression
in the apoE reporter mouse was turned off when SVZ NSCs
developed into immature neurons expressing Dcx (Figures S1L
and S1M). The apoE expression in NSCs was further confirmed
by western blot analysis of in vitro cultured NSCs from brains of
wild-type, apoE3-KI, and apoE4-KI mice (Figure S2I, note that
mouse apoE is 5 amino acids shorter than human apoE). The
strong and specific expression of apoE in NSCs suggested
that apoE may play a role in adult neurogenesis.
Neurogenesis Is Reduced but Astrogenesis Increased
in ApoE-KO Mice
To analyze hippocampal neurogenesis and astrogenesis as
a consequence of apoE genotype, we followed the survivalCell Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inc. 635
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(A and B) Representative confocal images of the BrdU-positive cells in the SGZ of female apoE3-KI (A) and apoE4-KI (B) mice at 6–7months of age were collected
1 day after BrdU injection.
(C and D) Representative confocal images of the BrdU and NeuN double-positive cells in the SGZ of female apoE3-KI (C) and apoE4-KI (D) mice at 6–7 months of
age were collected 4 weeks after BrdU injection.
(E and F) Representative confocal images of the BrdU and S100b double-positive cells in the SGZ of female wild-type (E) and apoE-KO (F) mice at 6–7 months of
age were collected 4 weeks after BrdU injection.
(G–J) Numbers of newborn cells (BrdU+) (G), immature neurons (BrdU+/Dcx+) (H), mature neurons (BrdU+/NeuN+) (I), and astrocytes (BrdU+/S100b+) (J) in the SGZ
of female mice of various apoE genotypes at 6–7 months of age were determined 1 and 3 days and 4 and 10 weeks after BrdU injection. Values are mean ± SD
(n = 4–6 mice per genotype). *p < 0.05 versus other groups (t test).
(K) Total numbers of Sox2-positive cells in the SGZ of female wild-type, apoE3-KI, apoE4-KI, and apoE-KO mice at 6–7 months of age. Values are mean ± SD
(n = 4 mice per genotype).
(L) Numbers of BrdU and Sox2 double-positive cells in the SGZ of female wild-type, apoE3-KI, apoE4-KI, and apoE-KO mice at 6–7 months of age were
determined 1 day after BrdU injection. Values are mean ± SD (n = 4 mice per genotype).
(M) Total numbers of Ki67-positive cells in the SGZ of female wild-type, apoE3-KI, apoE4-KI, and apoE-KO mice at 6–7 months of age. Values are mean ± SD
(n = 4 mice per genotype). *p < 0.05 versus other groups.
(N–P) Numbers of immature neurons (BrdU+/Dcx+) (N), astrocytes (BrdU+/S100b+) (O), and mature neurons (BrdU+/NeuN+) (P) in the SGZ of female mice with
various apoE genotypes at 6–7 months of age were determined at 3 days and 4 weeks after BrdU injection. Values are mean ± SD (n = 4–6 mice per genotype).
*p < 0.05 versus wild-type and apoE3-KI mice (t test).and differentiation of newborn cells over time in 6- to 7-month-
old mice with knockout for apoE (apoE-KO) or with knockin
alleles for human apoE3 or apoE4 (apoE3-KI or apoE4-KI). At
early time points after intraperitoneal injection of 5-bromo-20-
deoxyuridine (BrdU), numbers of newborn cells were com-
parable between apoE-KO and wild-type mice (Figure 2G);
however, colabeling of BrdU-positive cells with Dcx, NeuN,
or the astrocytic marker S100b indicated that the newly gener-
ated cells predominantly differentiated into astrocytes in
apoE-KO mice (Figures 2E, 2F, 2H, 2I, and 2J). The increase
of astrogenesis in apoE-KO mice was confirmed by the sig-
nificantly greater number of astrocytes (S100b+) in the hippo-
campal hilus of apoE-KO mice compared with wild-type mice
(Figure S3).636 Cell Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier IncApoE deficiency did not significantly affect the number of
newborn cells (BrdU+) (Figure 2G) or Sox2-positive cells
(Figure 2K). The latter cells represent total NSCs. Nor did apoE
deficiency affect the number of BrdU and Sox2 double-positive
cells (Figure 2L), which reflect self-renewal of NSCs, in the SGZ.
Taken together, these results suggest that maintaining apoE
function and/or its mediated lipid metabolism is required to
ensure proper neuronal differentiation of NSCs.
Increased BMP Signaling Mediates the Imbalance
between Astrogenesis and Neurogenesis
in ApoE-KO Mice
The bone-morphogenetic protein (BMP) inhibitor Noggin is
known to inhibit astrogenesis and stimulate neurogenesis.
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was previously reported (Fan et al., 2003; Lim et al., 2000;
Tang et al., 2009). We found that Sox2/apoE double-positive
NSCs in the SGZ and SVZ also expressed Noggin (Figures
S4A–S4H). Interestingly, NSCs cultured from apoE-KO mice
had 80% lower Noggin protein levels, as determined by
anti-Noggin western blot, compared with NSCs cultured from
wild-type mice (Figures S5E and S5F). Addition of recombinant
mouse Noggin to the culture of NSCs from apoE-KO mice
under conditions of neuronal differentiation inhibited astrogen-
esis and stimulated neurogenesis to levels similar to those of
NSCs from wild-type mice (Figures S5A–S5D, S5G, and S5H).
Thus, increased BMP signaling in apoE-deficient NSCs
appears to promote glial differentiation at the expense of neu-
rogenesis.
NSC Proliferation Is Increased but Neuronal Maturation
Decreased inApoE4-KIMiceConcomitantwithReduced
Neurogenesis
Proliferation and differentiation of NSCs in the SGZ over time in
apoE3-KI mice was virtually indistinguishable from wild-type
mice, suggesting that human apoE3 is functionally equivalent
to mouse apoE in supporting hippocampal neurogenesis, in-
cluding NSCproliferation (Figure 2G) and generation of immature
neurons (Figure 2H), mature neurons (Figure 2I), and astrocytes
(Figure 2J and Figure S3). In contrast, apoE4-KI mice had 2-
fold more BrdU-positive cells in the SGZ than did apoE3-KI
mice 1 day after BrdU injection (Figures 2A, 2B, and 2G). Simi-
larly, Ki67 immunostaining showed that apoE4-KI mice had
60% more proliferating newborn cells than did apoE3-KI,
wild-type, and apoE-KO mice (Figure 2M). However, apoE4
affected neither the total number of Sox2-positive cells (Fig-
ure 2K) nor the number of BrdU/Sox2 double-positive cells
(Figure 2L) in the SGZ. Thus, although proliferation is increased
in the SGZ of apoE4-KI mice, the number of NSCs and their
self-renewal are normal.
At 4 weeks after BrdU injection, apoE4-KI mice had 50%
fewer mature neurons in the SGZ than did apoE3-KI and wild-
type mice (Figures 2C, 2D, and 2I) but 3-fold more immature
neurons (Figure 2H) and similar numbers of astrocytes (Fig-
ure 2J). These results suggest that apoE4 affects the maturation
of newborn neurons in the hippocampus but does not have an
effect on astrogenesis. At 10 weeks after injection, apoE4-KI
mice still had significantly fewer mature neurons (Figure 2I),
although the number of immature neurons had decreased
nearly to baseline levels in both groups (Figure 2H). Further-
more, at 4 weeks after BrdU injection, apoE4-KI mice also
had 25% fewer mature neurons in the olfactory bulb (OB),
which originated from the SVZ, than did apoE3-KI mice (Fig-
ure S6). Thus, neurogenesis is reduced in both the SGZ and
the SVZ/OB of apoE4-KI mice, with a more pronounced effect
in the SGZ.
Effect of ApoE Deficiency on Hippocampal
Neurogenesis Is Cell Autonomous but Effect
of ApoE4 Is Not Cell Autonomous
To determine whether apoE deficiency has a cell-autonomous
effect on hippocampal neurogenesis, we studied GFAP-apoE3
and GFAP-apoE4 transgenic mice on a mouse apoE-KO back-Ceground. In these mice, human apoE is expressed only in adult
astrocytes and is secreted into the intercellular space in the brain
(Brecht et al., 2004). Immunofluorescence staining revealed that
nestin-positive NSCs in the SGZ and SVZ did not express apoE
in GFAP-apoE4 (Figures S7A–S7F) and GFAP-apoE3 (data not
shown) transgenic mice, although mature astrocytes in the
hippocampus (Figure S7G) or other brain regions (data not
shown) did express apoE. At 3 days after BrdU injection, GFAP-
apoE3, GFAP-apoE4, and apoE-KOmice had similar numbers of
newly generated immature neurons (BrdU+/Dcx+) but signifi-
cantly fewer than wild-type, apoE3-KI, and apoE4-KI mice
(Figure 2N), suggesting that astrocyte-secreted apoE does not
support neuronal differentiation of NSCs. At 4 weeks, GFAP-
apoE3, GFAP-apoE4, and apoE-KO mice had similar numbers
of newly generated astrocytes (BrdU+/S100b+) but significantly
more than wild-type, apoE3-KI, and apoE4-KI mice (Figure 2O),
suggesting that astrocyte-secreted apoE does not suppress as-
trocytic differentiation of NSCs. GFAP-apoE3, GFAP-apoE4,
apoE-KO, and apoE4-KI mice also had similar numbers of
mature neurons (BrdU+/NeuN+) but significantly fewer than
wild-type and apoE3-KI mice (Figure 2P). Thus, NSC-expressed
apoE is required to support hippocampal neurogenesis and
suppress astrogenesis.
To further test the effects of apoE deficiency and apoE4 on
neurogenesis, we analyzed neural differentiation of cultured
NSCs in vitro (Figures S2A–S2H). At 7 days in culture, double
immunostaining for MAP2 and GFAP revealed a significantly
lower percentage of neurons, but a much higher percentage of
astrocytes, generated from NSCs of apoE-KO mice than from
those of wild-type mice (Figures S2G, S2H, S2J, and S2K). The
percentages of neurons and astrocytes generated from NSCs
of apoE3-KI, apoE4-KI, and wild-type mice were similar (Figures
S2E–S2G, S2J, and S2K). Thus, the effect of apoE deficiency on
hippocampal neurogenesis from NSCs is cell autonomous but
the effect of apoE4 is not cell autonomous.
Dendritic Development of Newborn Hippocampal
Neurons Is Impaired in ApoE4-KI Mice
Our time course studies of proliferation and differentiation of
NSCs suggested that neuronal maturation was delayed or
impaired in apoE4-KI mice, possibly explaining the impaired
neurogenesis. To determine whether the apoE4 genotype has
an effect on dendritic development, we reconstructed the
dendritic arbors of newborn hippocampal neurons from confocal
microscopic images. Newborn neurons were labeled by stereo-
taxically injecting retrovirus expressing GFP into the dentate
gyrus (Ge et al., 2006a; Zhao et al., 2006). Four weeks after injec-
tion, when the newborn neurons were fully developed and inte-
grated (Aimone et al., 2006; Ge et al., 2006a; Lie et al., 2004;
Ming and Song, 2005), GFP+ neurons were found to have
much less elaborate dendrites in apoE4-KI mice than in
apoE3-KI, wild-type, and apoE-KO mice (Figures 3A–3D). The
total dendritic length and branch number of newborn neurons
were significantly lower in apoE4-KI mice (Figures 3H–3K).
Numbers of GABAergic Interneurons in the Dentate
Gyrus Are Reduced in ApoE4-KI Mice
The phenotype of abnormal hippocampal neurogenesis in
apoE4-KI mice—increased NSC proliferation and impairedll Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inc. 637
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mice with GABA signaling inhibition (Earnheart et al., 2007; Ge
et al., 2006a, 2006b; Liu et al., 2006; Tozuka et al., 2005). To
determine whether apoE4 impairs GABAergic interneurons in
the hilus of the hippocampus, we performed anti-GAD67 immu-
nostaining for GABAergic interneurons in wild-type, apoE-KO,
apoE3-KI, and apoE4-KI mice (Figures 4A–4D). At 6–7 months
of age, apoE4-KI mice had 30% fewer GAD67-positive inter-
neurons in the hilus than wild-type, apoE-KO, and apoE3-KI
mice (Figure 4E). Importantly, the number of GAD67-positive
GABAergic interneurons correlated positively with the number
of newly generated mature neurons (BrdU+/NeuN+) in the SGZ
of wild-type, apoE3-KI, and apoE4-KI mice (Figure 4F). A similar
positive correlation was also observed in these groups of mice
at 3 months of age (Figure 4G). Similar results were obtained
by anti-somatostatin immunostaining for GABAergic interneu-
rons in mice at 6 months of age (Figures S8A–S8F). Thus, the
reduced neuronal maturation observed in the SGZ of apoE4-
KI mice could be the result of reduced innervation from
GABAergic interneurons in the hilus. Consistent with the finding
Figure 3. Dendritic Development of Newborn Neurons in the
Hippocampus Is Reduced in ApoE4-KI Mice
(A–G) Confocal three-dimensional reconstruction of dendrites (in-
verted images) of newborn neurons (4 weeks after retrovirus-GFP
injection) in the dentate gyrus of wild-type (A), apoE3-KI (B), apoE4-
KI (C), and apoE-KO (D) mice, wild-type mice treated with PB (E),
apoE3-KI mice treated with PB (F), and apoE4-KI mice treated with
PB (G). Scale bar represents 50 mm.
(H–K) Total dendritic length (H, J) and dendritic branch number (I, K) of
newborn neurons. *p < 0.05 (t test in H and I; Kolmogorov-Smirnov test
in J and K). WT, n = 43; E3-KI, n = 84; E4-KI, n = 73; E-KO, n = 35;WT +
PB, n = 52; E3-KI + PB, n = 42; E4-KI + PB, n = 31. Values in (H) and (I)
are mean ± SEM.
of GABAergic interneuron reduction, both basal and KCl-
or neuregulin-evoked GABA release in hippocampal
slices were significantly lower in apoE4-KI than in
apoE3-KI mice (Figure 4H), as determined by mass spec-
trometry. Furthermore, the axonal termini of GABAergic
interneurons on granule cells in the dentate gyrus were
also significantly decreased at both the absolute level
and relative to the presynaptic marker synaptophysin
(Figure S9). Interestingly, apoE3-KI, wild-type, and apoE-
KO mice had similar numbers of GABAergic interneurons
(Figure 4E and Figure S8E) and axonal termini onto den-
tate gyrus granule cells (Figure S9), suggesting that
apoE deficiency does not decrease the number of
GABAergic interneurons or their axonal termini.
At 12–13 months of age, apoE4-KI mice had 40%
fewer GAD67-positive interneurons in the hilus than did
apoE3-KI mice (Figure S10A). Newly generated mature
neurons in the SGZ similarly decreased in apoE4-KI
mice (Figure S10B). However, at 1 month of age,
apoE4-KI, apoE3-KI, wild-type, and apoE-KO mice had
similar numbers of GAD67-positive GABAergic interneu-
rons in the hilus (7527 ± 593, 8320 ± 804, 7740 ± 1751,
7256 ± 1545, n = 4, p > 0.05), suggesting that the effect
of apoE4 on GABAergic interneurons is not due to an
early developmental impairment but occurs during adult neuro-
genesis.
GABAergic Interneuron Survival Is Decreased in Primary
Hippocampal Neuronal Cultures from ApoE4-KI Mice,
Concomitant with Increased Tau Phosphorylation
and Generation of Neurotoxic ApoE Fragments
To determine the mechanisms of the detrimental effects of
apoE4 on GABAergic interneurons, we analyzed primary hippo-
campal neurons from apoE3-KI, apoE4-KI, wild-type, and apoE-
KO mice. After 14 days of in vitro culture, immunostaining for
MAP2 (a neuronal marker) and GAD67 (a GABAergic neuronal
marker) revealed 25% and 45% lower survival of total and
GABAergic neurons, respectively, from apoE4-KI mice than
from apoE3-KI mice (Figures 5A–5J). We reported previously
that neurons under stress, including neurons cultured in vitro
(Harris et al., 2004; Xu et al., 2008), express apoE and that
neuronal apoE undergoes proteolytic cleavage to generate
neurotoxic fragments in vitro and in vivo, with apoE4 being
more susceptible to the cleavage than apoE3 (Brecht et al.,638 Cell Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inc.
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In the current study, significantly more apoE fragments were
generated in neurons from apoE4-KI mice than in those from
apoE3-KI and wild-type mice, as shown by western blot with
anti-apoE (Figures 5K and 5L). The apoE4 fragmentation pattern
was very similar to that in the brains of neuron-specific apoE4
transgenic mice and humans with AD (Brecht et al., 2004; Harris
et al., 2003; Huang et al., 2001).
ApoE4 fragments generated in neurons can increase tau phos-
phorylation, which is one of the major pathological hallmarks of
AD (Tanzi and Bertram, 2001), leading to neuronal cell death
in vitro and in vivo (Brecht et al., 2004; Chang et al., 2005; Harris
et al., 2003; Huang et al., 2001), so we determined the levels of
phosphorylated tau (p-tau) in neurons from mice with different
apoE genotypes. Clearly, neurons from apoE4-KI mice had
significantly higher levels of p-tau than those from apoE3-KI,
wild-type, and apoE-KO mice, as shown by western blot
with anti-p-tau (Figures 5M–5O). Anti-GAD67 and anti-p-tau
double immunostaining revealed 4-fold more p-tau-positive
GABAergic neurons from apoE4-KI mice than from apoE3-KI
mice (Figures S11A–S11G), although the total numbers of
GABAergic neurons were 45% less from apoE4-KI mice than
from apoE3-KI mice (Figures 5A–5J). Thus, more than 70% of
GABAergic neurons from apoE4-KI mice were positive for
p-tau, as compared to 10% of them from apoE3-KI mice.
Figure 4. Numbers of GABAergic Interneurons and
GABA Release in the Hippocampus of ApoE4-KI
Mice Are Reduced
(A–D) Immunostaining of GAD67-positive GABAergic inter-
neurons in the hilus of female wild-type (A), apoE-KO (B),
apoE3-KI (C), and apoE4-KI (D) mice at 6–7 months of age.
(E) Numbers of GAD67-positive GABAergic interneurons in
different mice at 6–7 months of age. Values are mean ± SD
(n = 4–7 mice per genotype). *p < 0.05 versus other groups
of mice (t test).
(F and G) Positive correlation between the number of GAD67-
positive interneurons and the number of BrdU+/NeuN+
neurons among female wild-type, apoE3-KI, and apoE4-KI
mice at 6–7 months of age (F, n = 12 mice) and at 3 months
of age (G, n = 15 mice).
(H) GABA release in hippocampal slices, determined by mass
spectrometry. Values are mean ± SD (n = 4–7 mice per geno-
type). *p < 0.05 versus apoE3-KI mice (t test).
To further determine the relationship of apoE4-
induced tau pathology and GABAergic neuron
death, we knocked down tau (70%) in primary
hippocampal neurons from apoE3-KI and apoE4-
KI mice by using a lentiviral tau-shRNA approach
(Figures S12A–S12C). Knocking down tau sig-
nificantly increased the survival of total and
GABAergic neurons from apoE4-KI mice, reaching
levels similar to those of neurons from apoE3-KI
mice (Figures S12D–S12M). Knocking down tau
did not significantly alter the survival of total and
GABAergic neurons from apoE3-KI mice (Figures
S12D–S12M). Thus, apoE4 impairs the survival of
GABAergic interneurons by generating more
neurotoxic apoE fragments and increasing p-tau
levels, leading to GABAergic interneuron death, which can be
fully rescued by lowering the endogenous tau level.
Presynaptic GABAergic Input to Newly Born Neurons
Is Reduced in ApoE4-KI Mice
To assess the functional consequence of the decreased number
of GABAergic interneurons in the hilus, we performed whole-cell
patch-clamp recordings from newborn granule cells in acute
hippocampal slices from retrovirus-GFP-injected apoE3-KI and
apoE4-KI mice. Two weeks after stereotaxical viral injection,
when GABAergic input is critical for neuronal maturation of
newborn cells (Ge et al., 2006a, 2006b; Liu et al., 2006; Tozuka
et al., 2005), about 90% of GFP+ newborn neurons in both
groups had active GABAergic spontaneous synaptic currents
(SSCs). However, GFP+ neurons in apoE4-KI mice had signifi-
cantly higher input resistance (Figure 6G). Because the input
resistance of newborn neurons decreases as they mature
(Duan et al., 2007; Espo´sito et al., 2005), these results suggest
a delayed maturation of newborn neurons in apoE4-KI mice.
Next we assessed the level of GABAergic synaptic innerva-
tion, which is critical for neuronal development of newborn
hippocampal cells (Ge et al., 2006a, 2006b; Liu et al., 2006;
Tozuka et al., 2005). GABAergic miniature SSCs (mSSCs) were
recorded from GFP+ neurons (resting membrane potential Vm =
65 mV) 2 weeks after injection of the retrovirus-GFP construct.Cell Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inc. 639
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noxaline-2,3-dione (DNQX) (20 mM) and D-(-)-2-amino-5-phos-
phonovaleric acid (D-AP5) (50 mM) to block glutamate-mediated
currents and tetrodotoxin (TTX) (1 mM) to block action potential-
mediated GABA release. Bicuculline methoiodide (BMI, 100 mM)
abolished the mSSCs, confirming the contribution of GABAA
receptors to mSSCs (Figures 6A and 6B). mSSCs were detected
in almost 90% of GFP+ neurons in apoE3-KI and apoE4-KI mice,
and the mean amplitudes of mSSCs were almost identical (Fig-
ure S13D); however, the mSSC frequency was 50% lower in
apoE4-KI mice (Figure 6E), consistent with the 50% decrease
in basal GABA release in apoE4-KI mice (Figure 4H), suggesting
a significant reduction of functional presynaptic GABAergic
inputs on newborn neurons in apoE4-KI mice.
In the presence of DNQX and D-AP5, GABA-evoked post-
synaptic currents (ePSCs) recorded from GFP+ neurons were
generated by electrical stimulation of GABAergic axons in the
molecular layer of the dentate gyrus. This indicates a functional
coupling between hilar GABAergic interneurons and newborn
neurons in both apoE3-KI and apoE4-KI mice. However, the
ePSC peak amplitude was 40% lower in apoE4-KI mice (Fig-
ures 6C, 6D, and 6F). This finding is consistent with a reduction
of presynaptic GABAergic inputs onto newborn neurons avail-
Figure 5. Levels of Neurotoxic ApoE Fragments and
Tau Phosphorylation Are Increased, and GABAergic
Neuron Survival Decreased in Primary Hippocampal
Neuronal Cultures from ApoE4-KI Mice
(A–H) Primary hippocampal neuron cultures were prepared
from P0 pups of apoE3-KI, apoE4-KI, wild-type, and apoE-
KO mice, cultured for 14 days in vitro (14 DIV), and stained
with anti-MAP2 (red) and DAPI (blue) (A–D) or anti-GAD67
(green) and DAPI (blue) (E–H). Shown are representative
images from five coverslips of each genotype and five fields
per coverslip (magnification, 2003).
(I and J) MAP2-positive (I) and GAD67-positive (J) neurons
were quantified. Values are mean ± SEM (five images per
coverslip and five coverslips per genotype). *p < 0.05 versus
other groups (t test).
(K) Anti-apoE western blot of primary neuron lysates from
apoE3-KI, apoE4-KI, wild-type, and apoE-KO mice. Note
that mouse apoE is five amino acids shorter than human apoE.
(L) ApoE fragmentation, reported as the ratio of total apoE
fragments to total tau. Values are mean ± SD (n = 3–4 mice
per genotype). *p < 0.001 versus other groups (t test).
(M and N) Anti-p-tau (M, AT8 monoclonal antibody) and anti-
total tau (N, tau-5 monoclonal antibody) western blots of
primary neuron lysates from apoE3-KI, apoE4-KI, wild-type,
and apoE-KO mice.
(O) The level of tau phosphorylation, reported as the ratio of
p-tau to total tau. Values are mean ± SD (n = 3–4 mice per
genotype). *p < 0.001 versus other groups (t test).
able for electrical activation in apoE4-KI mice.
However, no significant difference in the 10%–
90% rise time or the ePSC decay time was
observed (Figures S13A and S13B), suggesting
that the GABAA receptor composition and number
are not significantly altered in newborn neurons in
either group. Indeed, focal application of exoge-
nous GABA (500 mM), which bypasses presynaptic
elements and allows assessment of postsynaptic
GABAA receptor function, evoked similar current amplitudes in
GFP+ neurons from apoE3-KI and apoE4-KI mice (Figure S13C).
This finding reconfirms the intact GABAA receptor function in
newborn neurons of apoE4-KI mice. These results suggest that
apoE4 impairs the maturation of newborn neurons by causing
GABAergic interneuron loss, which leads to impaired GABA
signaling on newborn neurons.
Blocking GABA Signaling Reduces Hippocampal
Neurogenesis in ApoE3-KI Mice whereas
Potentiating GABA Signaling in ApoE4-KI Mice
Restores Neurogenesis
Treatment of apoE3-KI mice for 3 days with picrotoxin (PTX),
a GABAA receptor antagonist (Tozuka et al., 2005), increased
the number of newborn cells 1 day after BrdU injection to a level
similar to that in untreated apoE4-KI mice (Figure 7A). Con-
versely, treatment of apoE4-KI mice with pentobarbital (PB), a
GABAA receptor potentiator (Tozuka et al., 2005), decreased
the number of newborn cells to levels similar to those of wild-
type and untreated apoE3-KI mice (Figure 7A). Thus, the in-
creased NSC proliferation in apoE4-KI mice likely reflects
impaired GABA signaling (Liu et al., 2005; Owens and Kriegstein,
2002; Tozuka et al., 2005).640 Cell Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inc.
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Newborn Neurons Are Impaired in the Hippocampus
of ApoE4-KI Mice
(A and B) Sample traces of mSSCs in a GFP+ neuron 2 weeks
after retrovirus-GFP injection from an apoE3-KI (A) or an
apoE4-KI (B) mouse during whole-cell voltage clamp
recording in the presence of DNQX (20 mM), D-AP5 (50 mM),
and TTX (1 mM). The mSSCs were blocked by bath application
of BMI (100 mM). Scale bars represent 10 pA and 5 s.
(C andD) Sample traces of ePSCs in aGFP+ neuron at 2 weeks
after retrovirus-GFP injection from an apoE3-KI (C) or an
apoE4-KI (D) mouse during whole-cell voltage clamp
recording in the presence of DNQX (20 mM) and D-AP5
(50 mM). Currents were blocked by bath application of BMI
(100 mM). Scale bars represent 10 pA and 50 ms.
(E) Average mSSC frequency in GFP+ neurons was lower in
apoE4-KI mice than in apoE3-KI mice. Values are mean ±
SD (n = 21–28 cells per genotype). *p < 0.05 versus apoE3-
KI mice (t test).
(F) Average ePSC amplitude in GFP+ neurons was lower in
apoE4-KI mice than in apoE3-KI mice. Values are mean ±
SD (n = 21–28 cells per genotype). *p < 0.05 versus apoE3-
KI mice (t test).
(G) Average membrane resistance of GFP+ neurons in apoE3-
KI and apoE4-KI mice 2 weeks after retrovirus-GFP injection.
Values are mean ± SD (n = 40 cells per genotype). *p < 0.005
versus apoE3-KI mice (t test).Next, apoE3-KI mice that had received BrdU injections were
treated with daily injections of PTX for 7 days to inhibit GABA
signaling. At 4 weeks after BrdU injection, the number of imma-Ceture neurons was increased (Figure 7C) and the number of
mature neurons was decreased (Figure 7D) in the hippocampus
of apoE3-KI mice to levels similar to those in untreated apoE4-KIFigure 7. GABAA Receptor Potentiator Restores Hippocampal Neurogenesis in ApoE4-KI Mice—A Working Model for the Roles of ApoE
and Its Isoforms in Adult Hippocampal Neurogenesis
(A–D) Female apoE3-KI and apoE4-KI mice at 6–7 months of age were treated with a GABAA receptor potentiator (PB, 50 mg/kg) or antagonist (PTX, 4 mg/kg) as
described in the text. BrdU-positive cells in the SGZwere counted at 1 day (A) and 4weeks (B), and immature neurons (C) andmature neurons (D) were counted at
4 weeks. Untreated wild-typemice at 6–7months of age served as controls. Values aremean ± SD (n = 4–6mice per genotype). *p < 0.01 versus untreatedmice of
the same apoE genotype (t test).
(E) A working model for the roles of apoE and its isoforms in adult hippocampal neurogenesis. Adult hippocampal NSCs express apoE, which plays an important
role in cell fate determination of NSCs toward neuronal development. ApoE deficiency stimulates astrogenesis and inhibits neurogenesis. ApoE4 decreases
hippocampal neurogenesis by inhibiting neuronal maturation of NSCs through impairing presynaptic GABAergic input onto newborn neurons.ll Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inc. 641
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Conversely, stimulation of GABA signaling with daily injections
of PB for 4 weeks decreased the number of immature neurons
and increased the number of mature neurons in apoE4-KI
mice, to levels similar to those in wild-type and untreated
apoE3-KI mice (Figures 7C and 7D). Importantly, this stimulation
also improved the dendritic development of newborn neurons of
apoE4-KI mice, as reflected by increases in both dendritic length
and branch number to levels similar to those in wild-type and
apoE3-KI mice (Figures 3G–3K). These results further support
a non-cell-autonomous effect of apoE4 on hippocampal neuro-
genesis from NSCs. Interestingly, stimulation of GABA signaling
with PB in wild-type mice also showed a trend toward significant
increase (p = 0.053) in the number of dendritic branches of
newborn neurons (Figures 3E and 3I) although the same treat-
ment did not alter the length or number of dendritic branches
of newborn neurons in apoE3-KI mice (Figures 3F, 3H, and 3I).
Thus, treatment with a GABAA receptor potentiator rescues the
impairment of hippocampal neurogenesis associated with
GABAergic interneuron dysfunction because of apoE4.
DISCUSSION
In this study, we demonstrate that adult mouse NSCs express
apoE. Adult apoE-KO mice had significantly less hippocampal
neurogenesis, but significantly more astrogenesis, than wild-
type mice because of decreased Noggin expression in NSCs.
In contrast, neuronal maturation in apoE4-KI mice was impaired
because of reduced survival and function of GABAergic inter-
neurons in the hilus of the hippocampus, and a GABAA receptor
potentiator rescued the apoE4-associated decrease in hippo-
campal neurogenesis. Thus, apoE plays an important role in
adult hippocampal neurogenesis, and the apoE4 isoform impairs
GABAergic input to newborn neurons (Figure 7E). A recent gene
expression microarray analysis also showed expression of apoE
in NSCs in mouse brains (Zhang et al., 2008). Knockdown of
orphan nuclear receptor TLX, which reduces NSC proliferation,
increases apoE expression in NSCs more than 4-fold (Zhang
et al., 2008); treatment with retinoic acid, which promotes the
early stage of neurogenesis, upregulates apoE expression in
NSCs 2- to 5-fold (Jacobs et al., 2006), again suggesting the
importance of apoE in neurogenesis.
Although both apoE deficiency and apoE4 impaired hippo-
campal neurogenesis, they acted in different ways (Figure 7E).
ApoE deficiency decreased the BMP antagonist Noggin ex-
pression in NSCs, leading to stimulation of astrogenesis and
inhibition of neurogenesis, but did not affect NSC number and
proliferation or GABA signaling-mediated neuronal maturation.
Thus, apoE is required for effectively directing NSCs toward
differentiation along the neuronal lineage. Importantly, the effect
of apoE on cell fate determination of NSCswas cell autonomous.
In contrast, apoE4 impaired the survival of GABAergic interneu-
rons, leading to decreased GABAergic input onto newborn
neurons and thereby inhibiting neuronal maturation of NSCs
and neurogenesis; however, it did not affect the cell fate determi-
nation of NSCs. Thus, the effect of apoE4 on neuronal maturation
of NSCs was non-cell-autonomous.
GABAergic interneurons synthesize and release the neuro-
transmitter GABA and contribute substantially to the inhibitory642 Cell Stem Cell 5, 634–645, December 4, 2009 ª2009 Elsevier Inregulation of the adult neuronal network (Owens and Kriegstein,
2002). However, in adult hippocampus, as in the embryonic
nervous system, GABAergic neurotransmission in NSCs and
immature neurons is excitatory, owing to their high intracellular
concentration of chloride (Ganguly et al., 2001; Ge et al.,
2006a, 2006b; Liu et al., 2006; Tozuka et al., 2005). GABAergic
excitation is critical for the maturation of newborn neurons and
for their dendritic and synaptic integration into existing neuronal
circuits (Ge et al., 2006a, 2006b; Liu et al., 2006; Tozuka et al.,
2005). In genetic and pharmacological studies in mice, inhibition
of GABAergic interneuron function greatly reduced the matura-
tion and functional integration of newborn granule neurons in
the hippocampus (Ge et al., 2006a, 2006b; Liu et al., 2006; To-
zuka et al., 2005), analogous to what we observed in apoE4-KI
mice. Conceivably, maturation and functional integration of
newborn neurons in apoE4-KI mice is thus likely to be impaired
because GABAergic interneuron loss and dysfunction lead to
insufficient GABAergic stimulation.
In the brain, apoE has been implicated in lipid metabolism and
neuronal repair and remodeling (Huang, 2006a, 2006b; Huang
et al., 2004; Mahley et al., 2006). However, the apoE isoforms
differ in their ability to fulfill these functions (Huang, 2006a,
2006b; Huang et al., 2004; Mahley et al., 2006). In general,
apoE3 is neurotrophic or neuroprotective, whereas apoE4 and
its fragments are neurotoxic (Huang, 2006a, 2006b; Huang
etal., 2004;Mahleyet al., 2006).Accumulatingevidencesuggests
that this neurotoxicity causes neurodegeneration, contributing to
ADpathogenesis (Huang, 2006a, 2006b;Huanget al., 2004;Mah-
ley et al., 2006). Our current study shows that apoE4, the major
known genetic risk factor for AD (Corder et al., 1993; Saunders
et al., 1993), can also cause GABAergic interneuron dysfunction,
leading to impaired hippocampal neurogenesis. The neurotox-
icity induced by apoE4 fragments increases tau phosphorylation,
leading to GABAergic interneuron impairment, as demonstrated
by the current study (Figure 7E). The major function of tau, which
is abundant in the axonsof neurons, is to bindand stabilizemicro-
tubules (Lee et al., 2001). Phosphorylation of tau prevents it from
bindingwithmicrotubules, leading tomicrotubule destabilization,
neurofibrillary tangle formation, and neurodegeneration, as
shown in tau transgenic mice and in AD brains (Go¨tz et al.,
1995; Ishihara et al., 1999; Lee et al., 2001). In addition, apoE4
or its fragments could also impair the receptor-mediated cellular
signaling pathways and/or alter lipid metabolism in the brain,
contributing to GABAergic interneuron impairment. Thus, be-
sides causing neurodegeneration, apoE4 impairs the regenera-
tion of new neurons in the adult hippocampus, which may also
contribute to the pathogenesis of AD.
EXPERIMENTAL PROCEDURES
Animals
Wild-type and apoE-KO mice were from the Jackson Laboratory (Bar Harbor,
ME). Human apoE3-KI and apoE4-KI mice, which were reported previously
(Sullivan et al., 1997, 2004), were from Taconic (Hudson, NY). GFAP-apoE3
and GFAP-apoE4 transgenic mice were generated at Gladstone (Brecht
et al., 2004). The EGFPapoE reporter mice were reported previously (Xu et al.,
2006) and described in detail in Supplemental Data.
BrdU Injection and Collection of Mouse Brains
Female mice (3, 6–7, or 12–13 months of age) received two intraperitoneal
injections of BrdU (Sigma, 100 mg/kg body weight) 6 hr apart. At 1 day,c.
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perfused with phosphate-buffered saline and collected.
Treatment of Mice with GABAA Receptor Potentiator or Antagonist
To investigate the effect of GABAA receptor potentiator or antagonist treat-
ment on NSC proliferation, we treated female mice (6–7 months of age) with
once-daily intraperitoneal injections of PB (Sigma, 50 mg/kg; apoE4-KI mice)
or PTX (Sigma, 4mg/kg; apoE3-KI mice). Twenty-four hours after the last treat-
ment, mice received two injections of BrdU (100 mg/kg) 6 hr apart and were
sacrificed 1 day later. To investigate the effect of GABAA receptor potentiator
or antagonist treatment on neuronal maturation, female mice (6–7 months of
age) received two injections of BrdU 6 hr apart. Twenty-four hours later,
apoE3-KI mice received daily injections of PTX for 7 consecutive days, and
apoE4-KI mice received daily injections of PB for 28 consecutive days. Mice
were sacrificed 4 weeks after the second BrdU injection.
Stereotaxic Surgery of Engineered Retrovirus Expressing GFP
Engineered self-inactivating murine retrovirus expressing GFP was used to
specifically label proliferating cells and their progeny (van Pragg et al., 2002).
Virus was prepared by cotransfecting three constructs (encoding GFP, vesic-
ular stomatitis virus-glycoprotein [VSV-G], and gag/pol) into HEK293T cells,
purified by centrifugation, and stereotaxically injected into the dentate
gyrus of wild-type, apoE3-KI, apoE4-KI, and apoE-KO mice as described
in Supplemental Data. Mice were sacrificed 2 weeks after injection for elec-
trophysiologic studies and 4 weeks after injection for studies of dendritic
development.
Immunostaining and Quantification of Neurogenesis and Dendritic
Development of Newborn Neurons and GABAergic Interneurons
Mouse brains were fixed in 4% paraformaldehyde for 3 days, and coronal
sections (40 mm) were cut continuously throughout the entire hippocampus
with a vibratome. Every eighth section was immunostained with various
primary and secondary antibodies and examined with a laser-scanning
confocal system as described in Supplemental Data. Single- or double-immu-
nostained cells on both sides of the hippocampus of all stained sections were
counted and calculated as described in Supplemental Data. Numbers of
newborn cells (BrdU+) and immature neurons (BrdU+ and Dcx+) in the SGZ
were determined 1 or 3 days after BrdU injection; numbers of surviving
newborn cells (BrdU+) and mature neurons (BrdU+ and NeuN+) in the SGZ
were determined 4 or 10 weeks after injection. Newborn neurons that had
migrated from the SVZ to the OB were quantified 4 weeks after BrdU injection
as reported (Galva˜o et al., 2008) and described in Supplemental Data. The
number of GABAergic interneurons in the hilus of the dentate gyrus was deter-
mined by counting GAD67- and somatostatin-positive cells as described in
Supplemental Data.
The dendritic structure of GFP+ newborn neurons was imaged with
a confocal microscope, and the dendritic processes were reconstructed in
three dimensions by merging Z-series stacks of 10–18 sections as described
in Supplemental Data. All GFP+ neurons with largely intact dendritic trees were
analyzed for total dendritic length and branch number (Duan et al., 2007; Ge
et al., 2006a).
Primary Hippocampal Neuronal Culture and Quantification
of Neuronal Survival
Primary hippocampal neuronal cultures were prepared from P0 pups of homo-
zygous apoE3-KI, apoE4-KI, wild-type, and apoE-KO mice (Chen et al., 2005)
as described in Supplemental Data. In some experiments, primary neurons
were transduced with lenti-tau-shRNA viruses (Open Biosystems) at 5 days
in culture to knock down tau expression. After 14 days in vitro, the cultures
were fixed in 4% paraformaldehyde and immunostained for anti-MAP2 and
anti-GAD67 as described in Supplemental Data. To measure neuronal survival
in hippocampal neuron cultures, MAP2- and GAD67-positive neurons were
counted in 15–30 random fields under a fluorescence microscope (2003
magnification) (Chen et al., 2005). In parallel experiments, human full-length
apoE, p-tau, and total tau in cell lysates were analyzed by western blotting
(Brecht et al., 2004; Huang et al., 2001) and quantified as described in Supple-
mental Data.CeNSC Culture and Neural Differentiation In Vitro
NSCs were isolated from brains of apoE3-KI, apoE4-KI, wild-type, and apoE-
KO mice at postnatal day 1 (P1) with a modified neurosphere method (Brewer
and Torricelli, 2007; Ray and Gage, 2006). The expression of apoE and Noggin
in NSCs with different apoE genotypes was assessed by anti-apoE and
anti-Noggin (R&D Systems) western blots of cell lysates. Neural differentiation
of the established NSCs with different apoE genotypes was induced in vitro as
reported (Song et al., 2002). In some experiments, recombinant mouse Noggin
(R&D Systems) was added at 500 ng/ml into the medium during neural
differentiation. Neuronal and astrocytic differentiation of NSCs at 7 days was
determined and quantified as described in Supplemental Data.
Mass Spectrometry Analysis of GABA Release
Female apoE3-KI and apoE4-KI mice (6–7 months of age) were decapitated
and the hippocampi were isolated and sliced. The slices were preincubated
for 10 min at 37C in 200 ml of 95% O2- and 5% CO2-saturated basal medium
with Eagle’s salts (BME). The basal and depolarization-evoked GABA release
were determined by matrix-assisted laser desorption/ionization mass spec-
trometry (Bolteus and Bordey, 2004) as described in Supplemental Data.
Electrophysiology
ApoE3-KI and apoE4-KI mice (2–3months) were sacrificed 2weeks after retro-
virus-GFP injection and processed for slice preparation as described (Duan
et al., 2007; Ge et al., 2006a). More details are described in Supplemental
Data. Whole-cell voltage-clamp recordings from visually identified GFP+
neurons (2 weeks after injection) were obtained with an infrared differential
interference contrast video microscopy system as described in Supplemental
Data.
Statistical Analysis
Values are expressed as mean ± SD. The statistical significance of the differ-
ence between means was assessed with unpaired, two-sample t tests. The
statistical significance of the difference in total dendritic length or dendritic
branch number was assessed by the Kolmogorov-Smirnov test. p < 0.05
was considered statistically significant.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and
13 figures and can be found with this article online at http://www.cell.com/
cell-stem-cell/supplemental/S1934-5909(09)00526-8.
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